PAUL F . CRANEFIELD THE NORMAL rhythmic activity of the heart results from the regular discharge of excitatory impulses by cells of the sinoatrial (SA) node. The spontaneous or automatic activity of those cells results from the fact that each action potential is followed by a slow depolarization that brings the membrane to its threshold potential, thereby evoking another action potential. Repetitive excitation of the heart can also result from circus movement of excitation; although sustained circus movement probably occurs only in networks in which the conduction velocity is abnormally low, it does not depend on spontaneous diastolic depolarization. It has recently become plain that repetitive activity of the heart can arise from depolarizing afterpotentials that are not related to circus movement of excitation and that never arise spontaneously. That sort of repetitive activity, which I have called triggered activity, 1 resembles spontaneous or automatic activity in that each action potential is followed by a slow depolarization which leads to the next action potential. An automatic fiber cannot, however, remain quiescent for long, since, by definition, it will develop spontaneous depolarization which will cause an action potential. A triggerable fiber can, on the other hand, remain quiescent for an arbitrarily long period, since each action potential in such a fiber grows out of the afterpotential generated by the preceding action potential.
Triggerable fibers also can be regularly excited without becoming rhythmically active. Triggerable foci are thus sharply distinguished from automatic foci by the fact that they can remain quiescent for prolonged periods or can be driven for long periods without becoming rhythmically active; they become rhythmically active only when the circumstances arise which permit them to develop afterdepolarizations capable of reaching threshold. Such afterpotentials may cause coupled extrasystoles or runs of tachycardia. One such afterpotential is shown in Figure IB in which repolarization is interrupted by the appearance of a step-like prolongation of the action potential that lasts about 300 msec. I have suggested 1 that, in conformity with the terminology used by neurophysiologists, this sort of afterpotential be called an early afterdepolarization. Its defining characteristic is that it appears before the membrane potential has returned to the level it had at the beginning of the upstroke of the action potential. Nondriven action potentials can arise during an early afterdepolarization (Fig. 1C) ; after one or more such action potentials, the membrane potential may return to its original high level. On the other hand, a series of action potentials arising from an early afterdepolarization may terminate in quiescence at a low resting potential (Fig. ID) . The presence of two levels of resting potential in certain cardiac fibers will be discussed in more detail below.
Different sorts of afterpotentials are shown in Figure 2 ; in Figure 2A , normal repolarization without afterpotentials is shown. In Figure 2B , the membrane potential swings negative to the level prevailing before the upstroke and then returns to that level. This creates an early afierhyperpolarization. (Readers familiar with the terminology developed when all records were obtained with extracellular electrodes will recognize that an afterhyperpolarization corresponds to the positive afterpotential of the older terminology and that an afterdepolarization corresponds to the negative afterpotential of that terminology.)
An early afterhyperpolarization need not terminate in a return to the membrane potential prevailing before the action potential but may instead lead directly into a delayed afterdepolarization (Fig. 2C) . A delayed afterdepolarization, by definition, occurs after repolarization is complete, i.e., after the membrane potential has returned to the level seen before the action potential. In fact, all delayed afterdepolarizations known at present to occur in cardiac tissues follow early afterhyperpolarizations; they thus arise considerably after the action potential. A delayed afterdepolarization can reach threshold and give rise to an extrasystole which in turn may generate another afterdepolarization capable of causing another nondriven action potential. A single driven action potential thus may give rise either to an extrasystole or to a burst of extrasystoles ( Fig. 2D ). The single extrasystole or the last impulse of a burst of extrasystoles thus generated are usually followed by one or more oscillatory afterpotentials of decreasing amplitude (Fig. 2D ).
Nondriven impulses that arise from afterpotentials can occur only if at least one action potential is somehow 416 CIRCULATION RESEARCH VOL. 41, No. 4, OCTOBER 1977 FIGURE 1 Action potentials obtained from a rhythmically active canine Purkinje fiber exposed to normal Tyrode's solution. A normal action potential is shown in A; in B an early afterdepolarization is seen (arrow). In C, four nondriven action potentials occur at a membrane potential corresponding to that of the early afterdepolarization. The record in D, obtained from a different fiber, shows a series of 3 normal action potentials followed by a train of activity at a low membrane potential followed in turn by quiescence at a low level of membrane potential. Behavior of the kind seen in B and C is often seen in vitro in fibers usually regarded as having been slightly damaged during dissection or during mounting in the tissue bath; behavior of the sort seen in D is most easily evoked by lowering jK + ] o slightly, e.g., to 2mM. Records obtained by David Gadsby. Calibrations: in A-C, time marks appear at 1-second intervals; in D, the horizontal calibration corresponds to 5 seconds. generated and serves to activate them. The initiating action potential, which may be driven or may arise from an automatic focus, can thus be said to "trigger" the nondriven action potentials, and I have therefore referred to the extrasystoles and bursts of tachycardia that arise from depolarizing afterpotentials as triggered. 2 -3 Clinically, such tachycardias would be characterized by an abrupt increase in rate and would be ectopic, i.e., accompanied by a change in the site of the pacemaker. Before turning to an examination of recent work on triggered activity, I will review earlier studies of the phenomenon.
Early Studies
Many of the characteristics of triggered arrhythmias were described by Marcel Segers between 1938 and 1947. Segers 4 -5 noted that the heart rate, which is increased throughout a depolarizing pulse of many seconds duration, ordinarily slows after the end of the pulse but may, in the presence of elevated [Ca 2+ ] 0 or epinephrine, abruptly increase still further during or just after such a pulse. Suspecting that this increase in rate might result from what we now call triggering. Segers studied strips of turtle ventricle FIGURE 2 Action potentials obtained from a canine Purkinje fiber exposed to Na-free, Ca-rich solution. The action potential in A shows no afterpotentials; that in B shows only an early afterhyperpolarization. In C, an early afterhyperpolarization is followed by a delayed after depolarization. In D, a single stimulus applied to a quiescent fiber evokes a driven action potential followed by four nondriven action potentials that arise from delayed afieidepolarizations of the sort seen at the end of the record. Calibrations: the horizontal calibration in A represents I second for A and 2 seconds for B; the vertical calibration in A represents 20 mV for A and B. The calibrations in C represent 20 mV and 2 seconds for C and D (in part from Cranefield and Aronson 3 ; in part from Cranefield 1 suspended in a divided chamber. If the end of the strip exposed to a normal perfusate were driven at a critical rate, the other end, if exposed to epinephrine, Ba 2+ , or elevated Ca 2+ , suddenly became rhythmically active, driving the entire strip. A single stimulus sometimes sufficed to trigger the preparation into activity. Most of Segers' articles reported studies in which he measured rate and rhythm by recording myograms or studies in which he determined threshold in order to look for supernormal excitability. In 1941, however, he showed 6 the existence of early and delayed afterdepolarizations and of afterhyperpolarizations in frog ventricle by recording monophasic action potentials between a normal area and an area rendered inexcitable by high KG. Segers pointed out that extrasystoles can be caused by the same agents that enhance afterdepolarizations, such as Ba 2+ , elevated [Ca 2+ ] 0 , aconitine, veratrine, adrenalin, strophanthin, and digitalis. He also noted that elevation of [K + ] o or the addition of acetylcholine depresses afterdepolarizations in frog ventricle and tends to abolish extrasystoles. Segers found increased excitability during afterdepolarizations and decreased excitability during afterhyperpolarizations. Although Segers did not explicitly differentiate between agents that enhance early afterdepolarizations and agents that enhance delayed afterdepolarizations, he did obtain records strongly suggesting that extrasystoles could arise from afterdepolarizations that were enhanced by Ba 2+ or by elevated [Ca 2+ ] 0 , and he showed that premature stimuli could evoke bursts of nondriven activity in preparations obtained from frog, turtle, and rabbit hearts. Segers pointed out that his findings supported earlier interpretations of the cause of extrasystoles, mentioning studies of digitalis made as long ago as 1897, and citing Scherf's studies of aconitine. 7 In 1947, Segers 8 suggested that the phenomenon we call triggered activity be called "selfsustained beating" (battement aulo-entretenu); he clearly differentiated that form of activity from automaticity.
A study as persuasive as that of Segers was reported by Bozler in 1943. 9 Bozler noted depolarizing prepotentials in rhythmically active strips of cardiac muscle, he also saw oscillatory variations in membrane potential that could wax in amplitude, reach threshold for a time, and then wane in amplitude, thus causing Luciani periodicity in the rhythm. Bozler described afterpotentials in which an afterhyperpolarization was followed by an afterdepolarization that could reach threshold. The amplitude of the delayed afterdepolarization was enhanced by increasing [Ca 2+ ] 0 or by adding epinephrine and "The tendency to give afterdischarge is greatest under conditions where the afterpotentials are largest, following a short series of [driven] responses and in the presence of adrenaline." Bozler also noted that automatic activity in the sinus venosus could trigger activity in another area, thereby causing an abrupt increase in rate and a shift of the pacemaker to the triggered area. Bozler commented that "many rhythmic phenomena in cardiac muscle cannot be understood if only conducted impulses are recorded . . . oscillatory afterpotentials. for instance, provide a simple explanation for coupled extrasystoles and paroxysmal tachycardia. Unfortunately, the study of these weak and localized potentials in the heart in situ presents great technical difficulties." AFTERPOTENTIALS AND ARRHYTHMIAS/O<me/zeW 417 Bozler and Segers correctly described triggered activity and correctly attributed it to depolarizing afterpotentials. Bozler saw these phenomena, however, only in tissue "in poor physiological conditions" and only in the presence of epinephrine and markedly elevated [Ca 2+ ] 0 .
The studies of Segers and Bozler relied on records of monophasic action potentials; certain earlier studies of arrhythmias that we now think might be caused by afterpotentials relied on the use of cardiac electrograms or electrocardiograms and were largely the work of the associates of Wenckebach, i.e., Rothberger, Winterberg, and Scherf. The early investigations by Rothberger and Winterberg on extrasystoles caused by digitalis, strophanthin, and Ba 2+ were summarized by Wenckebach and Winterberg, 10 by Rothberger, 11 and by Scherf and Schott. 12 ' l3 Aconitine, which causes triggered activity by causing an early afterdepolarization, was extensively investigated by Scherf in a series of studies of aconitine, veratrine, barium, and digitalis ranging over some 25 years. 7 ' n~14 As early as 1929, Scherf 7 showed that intravenous administration of aconitine produced accurately coupled atrial or ventricular extrasystoles of constant shape; those extrasystoles arose in the course of the T wave, as does an early afterdepolarization.
In 1952, Dawes 15 commented that "The recent publication of methods of obtaining membrane action potentials from single cardiac fibres . . . makes it highly desirable that these observations of Segers should be repeated on such preparations, in order to obtain unequivocal records of these changes. . . . It is not to be supposed [that such studies] will solve all the problems . . . for there is little doubt that the syncytial nature of cardiac muscle in itself contributes greatly to the complexities of the problem. But without the evidence as to what drugs and other procedures do to single cardiac muscle fibres it is difficult to believe that much further progress will be made." As far as I can determine, Dawes' excellent advice was not followed, the rediscovery of triggered activity having come about as the result of studies of the effects of various agents on the action potential rather than as the result of any systematic attempt to repeat Segers' experiments using single cell recording. The use of single cell recording has not, however, wholly resolved the difficult problem, alluded to by Dawes, of distinguishing between afterpotentials and circus movement around a short pathway as the cause of the rhythmic activity of an ectopic focus; this problem is discussed below.
Studies Using Intracellular Recording
"Second upstrokes," i.e., action potentials arising during the course of repolarization, were noted by Trautwein early in the course of the study of the cardiac action potential via intracellular recording. 16 Second upstrokes arise after a brief arrest of repolarization, i.e., during an early afterdepolarization. They can be evoked by stretch, hypoxia, cooling, veratrine, and very high levels of catecholamines (for review, see Cranefield 1 and Trautwein 17 ) and are seen in a striking fashion in fibers poisoned by aconitine. Confirming and extending earlier studies by Matsuda, 18 Schmidt 19 showed that exposure of canine Purkinje fibers to aconitine causes the appearance of an early afterdepolarization of the sort shown in Figure IB or of one or more nondriven action potentials that arise from the level of the early afterdepolarization (cf. Fig. 1C ).
Agents that cause early or late afterdepolarizations and set the stage for triggered arrhythmias include Ba 2+ , strophanthin and strophanthidin, veratrine, stretch, hypoxia, and, in the SA node, exposure to low [Na + ] 0 ; references to studies of these agents and to studies of triggering in fibers of the embryonic heart can be found in my recent monograph. 1 The greatest clinical interest attaches, of course, to the possible role of afterpotentials and triggering in causing the arrhythmias of digitalis toxicity.
DIGITALIS
Although ouabain can enhance phase 4 depolarization in Purkinje fibers, thereby enhancing the tendency of those fibers to become automatic, ouabain and acetylstrophanthidin also can set the stage for triggered arrhythmias. It was shown by Davis, 20 by Rosen et al., 21 and by Ferrier and his colleagues 22 ' 23 that the action potentials of Purkinje fibers exposed to ouabain or to acetylstrophanthidin develop delayed afterdepolarizations and that the amplitude of those afterdepolarizations is enhanced by driving the fiber more rapidly. The amplitude of the afterdepolarization following a premature impulse is also enhanced. As a result, increase of rate or the evoking of premature impulses can bring the afterdepolarization to threshold, causing a single (accurately coupled) extrasystole or initiating a burst of nondriven impulses. 3 -20 " 24 Ferrier and Moe 22 found that the amplitude of the delayed afterdepolarizations seen in canine Purkinje fibers exposed to acetylstrophanthidin increases with increasing [Ca 2+ ] 0 , increases with decreasing [K + ] o , and is depressed by Mn 2+ (Fig. 3 ).
It has long been known 25 that digitalis toxicity can cause two distinct kinds of arrhythmias in the whole heart, kinds that I now regard as automatic and triggered. Vassalle et al. 26 showed that ouabain may enhance ventricular automaticity, thereby shortening the interval required for the ventricle to "escape" after cardiac arrest has been induced by vagal stimulation. If, on the other hand, the ventricle Control 1i 2mM Mn FiouRE 3 The upper tracing ("control") shows records obtained from a Purkinje fiber exposed to acetylstrophanlhidin; as the fiber is driven, the amplitude of the delayed afterdepolarization steadily increases. The lower tracing shows that the addition of 2 mu Mn abolishes the delayed afterdepolarizations (from Ferrier and Moe 23 by permission of the American Heart Association, Inc.). 418 CIRCULATION RESEARCH VOL. 41, No. 4, OCTOBER 1977 shows coupled extrasystoles or salvos of extrasystoles (i.e., presumptively triggered impulses), vagal stimulation may lead to prolonged quiescence, not only of the atrium but also of the ventricle, since without an initiating impulse there can be no triggered activity. The commonest result of digitalis toxicity, namely, the coupled extrasystole, may well be an extrasystole arising from a delayed afterdepolarization.
SODIUM-FREE SOLUTIONS
Our studies of triggered activity began when we observed that phenomenon in canine Purkinje fibers exposed to Na-free, Ca-rich solutions. 3 Such fibers can be quiescent at either of two levels of resting potential, 27 i.e., at about -90 mV and at about -50 mV (see below). When such fibers are quiescent at the lower level of resting potential ( -50 mV), they can often be triggered. On occasion, a quiescent fiber will respond to a single stimulus by sustained rhythmic activity. The first action potential is driven; the second and all subsequent action potentials arise from delayed afterdepolarizations. It is interesting to note how similar the action potentials are to those recorded from an automatic focus, phase 4 depolarization leading into the upstroke. Yet, if the fiber does become quiescent, it will not again become active unless it is driven at least once; therefore, it is not automatic. The phase 4 depolarization is composed of the decay of the early afterhyperpolarization and the depolarizing phase of the delayed afterdepolarization. The afterdepolarization may be subthreshold, but it increases in amplitude if the rate increases or if, in the course of regular drive at a rate too low to cause triggering, a premature impulse is applied.
FIBERS OF THE MITRAL VALVE
Wit and his colleagues 28 described the electrical activity of fibers of the mitral valve in canine and simian hearts; similar fibers are found in the tricuspid valve. 29 Wit and I 30 subsequently found that fibers of the mitral valve of simian hearts are triggerable. These fibers appear, anatomically, to be ordinary atrial fibers sparsely distributed at the atrial margins of the valve. Their contractions can cause movement in isolated valve leaflets. 31 Although anatomically ordinary, these fibers have rather curious action potentials. The action potential arises from a maximum diastolic potential of 65 ± 5 mV and has a very slow upstroke (2 V/ sec). Moreover, the threshold potential, i.e., the potential at the end of phase 4 depolarization at which the upstroke begins, is about -5 0 mV. These fibers are remarkably resistant to high [K + ] o , remaining excitable when [K + ] o is as high as 50 mM. There is, however, a "gap" in their excitability, since they cannot be driven by external stimuli when their resting potential is between -60 and -55 mV. At higher or lower resting potentials, the fibers can be driven; when exposed to very high [K + ] o , the fibers actually become spontaneously active. The action potential arising from -5 0 mV often begins with a step that is sensitive to rather high concentrations of tetrodotoxin; verapamil spares that step but abolishes the rest of the upstroke, i.e., the part that grows out of the step and occurs in the range -35-+10 mV. It thus appears that the initial step depends on inward current in a fast channel partially inactivated by depolarization, whereas the second part of the upstroke depends on slow channel current. The resting potential at which the fiber cannot be driven by external stimuli is presumably a potential at which depolarization has fully inactivated the fast channel; further loss of resting potential brings the membrane into the region where the slow inward current can be more easily activated. 30 -32 These fibers, spontaneously active when exposed to very high [K + ] o , are triggerable when exposed to normal levels of [K + ] o , particularly if norepinephrine is added to the perfusate. A single driven action potential can trigger a quiescent fiber of the mitral valve into sustained rhythmic activity (Fig. 4A ). If these fibers are driven at a regular rate, they may show delayed afterdepolarizations that are too small to reach threshold; an increase in the drive rate may lead to an increase in the amplitude of the afterdepolarization and to triggering (Fig. 4B) . A premature impulse may have the same effect. Once triggered, these fibers can drive the rest of the atrium.
THE CORONARY SINUS
Wit and I 33 have found automatic fibers at the orifice of the canine coronary sinus and triggerable fibers within the coronary sinus. The automatic fibers, which show phase 4 depolarization and spontaneous activity in the presence of catecholamines, are located in or near the rudiment of the great valve of Thebesius. The triggerable fibers are located in a thin sheet of atrial muscle fibers that lines the sinus, extending about 1 cm from the orifice into the sinus. In some preparations, all of the fibers extending into the sinus are excitable and can be driven by driving the atrium; they can also be driven by the automatic focus at the orifice of the sinus. In such a preparation, the addition of catecholamines, followed by application of an appropriately timed premature stimulus or by increase of rate to a FIGURE 4 Records obtained from a fiber of the simian mitral valve; at the high amplification used, much of the action potential is omitted, only the afierpolentials, the beginning of the upstroke, and the terminal part of repolarization being shown. In A, a single stimulus provokes sustained rhythmic activity in a previously quiescent fiber. In the upper tracing in B, the fiber is driven at a low rate (17.5/min) and low amplitude delayed afterdepolarizations are seen. In the lower tracing, the fiber was driven at a higher rate (341 min), the afterdepolarizations increase in amplitude and the fiber is triggered into sustained rhythmic activity (from Fig. 4 critical level, evokes triggering. Once triggered, the entire preparation is driven by a focus within the sinus.
Another group of preparations shows different and rather remarkable properties. In those preparations, many fibers within the sinus show a low resting potential and are inexcitable, responding neither to atrial stimulation or activity of the automatic focus nor to direct stimulation. When norepinephrine is added to such a preparation, the resting potential of the formerly inexcitable fibers increases by 10-15 mV, the fibers become excitable, respond to atrial drive, develop afterdepolarizations, and can be triggered, whereupon they can drive the entire preparation. These events can be seen in a dramatic way if epinephrine is added to a quiescent preparation, causing automatic activity at the great valve of Thebesius. That activity spreads into the excitable fibers of the sinus and then, as the inexcitable fibers gain resting potential, excites them. Eventually, the automatic activity at the orifice triggers the fibers within the sinus, whereupon the rate increases abruptly and the pacemaker moves from the site of the automatic focus to the triggered focus (see Wit and Cranefield, 33 Fig. 3 ). The triggerable focus gradually depolarizes while it is active and thus becomes quiescent; it cannot be triggered again for a few minutes. Triggerable foci within the coronary sinus respond to the addition of acetylcholine by hyperpolarization and quiescence.
CATECHOLAMINES AND AFTERPOTENTIALS
The addition of norepinephrine to the perfusate leads to the appearance, or to an increase in amplitude, of afterdepolarizations in fibers of the simian mitral valve or the canine coronary sinus. Delayed afterdepolarizations and triggered activity occur in bovine and ovine Purkinje fibers exposed to high levels of [K + ] o and epinephrine, 34 -35 yet the same treatment induces neither afterpotentials nor triggering in canine cardiac Purkinje fibers. 35 In general, in cells that do show delayed afterdepolarizations, the amplitude of those afterdepolarizations is enhanced by the presence of catecholamines, although this does not seem to be so in canine Purkinje fibers exposed to Na-free, Ca-rich solutions. 3 
AFTERPOTENTIALS, REENTRY, AND AUTOMATICITY
A focus of ectopic activity that appears in response to a premature stimulus might be a site either of circus movement or of triggered activity dependent on afterdepolarizations. 1135 Moreover, either type of focus can become quiescent if it is invaded by an appropriately timed premature impulse. In our studies of circus movement in loops of Purkinje fibers exposed to high potassium and epinephrine, 35 we sometimes noted afterdepolarizations and triggered activity in bovine or ovine Purkinje fibers; that is why we placed great emphasis on the fact that apparent circus movement could not be accepted as genuine unless the sequence of activation was that expected in circus movement, the sequence remained the same throughout the apparent circus movement, and the activity stopped in the expected sequence. We also emphasized that persistence of activity after the loop of tissue had been cut, or persistence of activity at only one site in an apparent circus pathway, rules out circus movement as the cause of the sustained rhythmic activity. 1 - 35 The opposite findings obviously suggest that the activity might arise in a triggerable focus. It is, in fact, very difficult to rule out circus movement around very short pathways as an alternative explanation for apparent triggering. In the mitral valve 30 and coronary sinus 33 we have, however, been able to induce afterdepolarizations and triggered activity in fragments of tissue as small as 2 x 2 mm. In addition, application, via a micropipette, of norepinephrine to a highly localized area of the mitral valve causes enhancement of afterdepolarizations only in the immediate vicinity of the pipette (Fig. 5 ). There is no compelling reason to doubt the existence either of reentry secondary to circus movement of excitation or of triggered activity secondary to the presence of depolarizing afterpotentials. Nevertheless, there is no easy way to discriminate between these phenomena as the cause of sustained rhythmic activity in the whole heart.
Spontaneous activity means activity that arises without any external cause, i.e., activity that is intrinsic or automatic. Afterpotentials are never spontaneous, since they must follow an action potential. Rhythmic activity maintained by afterpotentials can, therefore, never appear spontaneously. It must always be initiated by at least one action potential. That necessary initiating action potential may propagate into the triggerable fiber from another fiber, it may be evoked experimentally by a stimulus applied to the triggerable fiber, or it might even arise in the triggerable fiber by some form of automatic activity.
As I have pointed out elsewhere, 1 the spontaneous activity of the SA node and of Purkinje fibers may have a close connection with triggered activity. In such fibers, it is possible that the "true automaticity may depend upon some very slow intrinsic depolarization that eventually evokes an initial action potential but that the subsequent sustained rhythmic activity results not from that inherent very slow depolarization but from the discharge of the early afterhyperpolarization that follows the first and each subsequent action potential. The same result could be achieved in fibers that pass from quiescence to activity by developing oscillations that grow until threshold is reached, whereupon the subsequent rhythmic activity re- 
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VOL. 41, No. 4, OCTOBER 1977 suits from the afterpotential. Fibers that showed an intrinsic very slow depolarization or the ability to develop oscillations [oscillatory prepotentials] of increasing amplitude would be truly automatic, yet their normal repetitive activity would be triggered; the triggering would, however, be intrinsic rather than extrinsic." 1
THE RHYTHM OF DEVELOPMENT
A triggered focus discharges impulses slowly at first, gradually speeding up, and soon reaching a constant rate. The same behavior is seen clinically in many paroxysmal atrial tachycardias and is referred to by Gaskell's term "rhythm of development." 36 In connection with the possibility that all "automatic" foci are triggered in the sense discussed above, it should be noted that subsidiary pacemakers released from overdrive suppression 37 also show a rhythm of development; the rhythm of development was, in fact, originally seen under those circumstances.
TWO LEVELS OF RESTING POTENTIAL
Wiggins and I 27 have found that canine Purkinje fibers exposed to Na-free, Ca-rich solutions can show two stable levels of resting potential, one at about -50 mV and the other at about -90 mV. The transition from one level to the other is associated with a change in potassium conductance, which is high at -90 mV and low at -50 mV, a change which reflects the presence of inward-going rectification in the membrane. Inward-going rectification is known to be present in cardiac and skeletal muscle fibers in which potassium conductance varies inversely with the difference between the membrane potential and the potassium equilibrium potential. In fibers that show inwardgoing rectification, the total current-voltage curve of the membrane is "N-shaped." That N-shaped current-voltage curve may, depending on the level of inward current and on the other outward currents, intersect the zero-current axis at three points, two of which correspond to stable resting potentials. In fibers that do show two levels of resting potential, triggering ordinarily can be elicited only at the low level. David Gadsby and I (unpublished observations) have demonstrated two levels of resting potential in canine Purkinje fibers exposed to normal Tyrode's solution (Fig. 6) ; a slight reduction in [K + ] o or the use of Clfree solutions makes it easier to obtain two levels in a stable and reproducible way. These fibers can be triggered when they are at the low (-50 mV) resting potential; elevation of [K + ] o or application of a hyperpolarizing pulse will shift the fiber to the high resting potential and abolish triggered activity.
As indicated above, an action potential arising from a high resting potential may show incomplete repolarization and give way to sustained rhythmic activity (Fig. 1C) at the level of the low resting potential. The second upstroke is triggered because its appearance depends on the early afterdepolarization, which in turn must be evoked by an action potential. However, a terminological and conceptual difficulty arises at this point. If an action potential arising from a high resting potential is followed by a second upstroke that interrupts repolarization (Fig. IB) , that second upstroke can be said to be triggered. But what if a series of action potentials arise before the cell finally repolarizes to the high resting potential (Fig. 1C) ? Are the later action potentials in the series triggered, or has the loss of resting potential merely shifted the membrane into a region in which automatic activity occurs? In other words, do the later action potentials in the series arise from depolarizing afterpotentials or from automatic activity? Operationally speaking, this question can be answered, at least in principle. If the fiber becomes quiescent at the low level of membrane potential and remains quiescent until driven, and if the driven action potential is followed by an oscillatory afterpotential or by one or more nondriven action potentials, the activity is triggered rather than automatic. If does seem very probable that Purkinje fibers can show two distinct forms of triggered activity. In one form, an action potential arising from -90 mV gives rise, through an early afterdepolarization, to a second upstroke. In the other form, that second upstroke gives rise to a delayed afterdepolarization ( Fig. 7) , which may or may not cause a third upstroke. The membrane potential remains in the range in which the second form of behavior can occur because of a balance of currents similar to that which caused the early afterdepolarization; this should not obscure the fact that an additional set of events is needed to ensure sustained rhythmic activity in the partially depolarized fiber. In my opinion, most or all sustained rhythmic activity of the sort that can be evoked by applying a depolarizing pulse to a fiber that does not normally show automatic activity is triggered in a way exactly analogous to that just described: the first action potential is evoked by the make of the depolarizing pulse, but all later action potentials arise out of delayed afterdepolarizations. This can be seen clearly when activity stops during the depolarizing pulse, because the last action potential is invariably followed by an early afterhyperpolarization and a subthreshold delayed afterdepolarization (Fig. 8 ).
The Cause of Early and Delayed Afterdepolarizations
Early afterdepolarizations interrupt repolarization and occur at a membrane potential rather close to that of the low level of resting potential. Relatively small decreases in AFTERPOTENTIALS AND ARRHYTHMIAS/Cranefield 421 FIGURE 7 Diagram representing the role of early and delayed afterdepolarizations in the production of nondriven action potentials. The first action potential is driven; its repolarization is interrupted by an early afierdepolarization from which a nondriven action potential arises. The dotted line (A) shows the shape the action potential and afierpotential would have had if no second upstroke had occurred. The third action potential arises from a delayed afierdepolarization; the dotted line (B) shows the course that the delayed afterdepolarization would have taken if it had not reached threshold and evoked an action potential. The fourth action potential is followed by a delayed afierdepolarization which does not reach threshold (C). Oscillatory afterpotentials of diminishing amplitude are followed by quiescence at the low level of membrane potential. outward current or relatively small increases in background inward current can cause either early afterdepolarizations or arrest of repolarization at the low level of resting potential (D. Gadsby and P.F. Cranefield, unpublished). There are many changes that can increase background inward current, among them hypoxia, injury, and FIGURE 8 Action potentials recorded from a canine Purkinje fiber, exposed to normal Tyrode's solution. The upper trace shows time marks at 5-second intervals. The middle trace shows action potentials and the lower trace indicates, where it shifts upward, the application of a depolarizing current via an intracellular electrode. The first and second action potentials arise from spontaneous depolarization at the high level of resting potential. Application of a depolarizing current is followed by rhythmic activity at a low level of resting potential. That activity terminates in a subthreshold delayed afterdepolarization, as would be expected if it were triggered activity. aconitine; decrease of outward or repolarizing current can result from anything that reduces potassium conductance, such as low [K + ] o or from anything that diminishes active sodium extrusion, e.g., low [K + ] o , cooling, or digitalis-like drugs (see Cranefield 1 for details). The appearance of an early afterdepolarization, therefore, does not, in itself, tell us much about why it appeared.
In terms of membrane potential, the fundamental characteristic that leads to triggered activity is the delayed afterdepolarization. The changes in membrane currents that cause that afterdepolarization are unknown; the following characteristics of the delayed afterdepolarization suggest limits on possible explanations.
1. As far as we know, delayed afterdepolarizations always follow early afterhyperpolarizations.
2. Afterhyperpolarizations and afterdepolarizations can follow action potentials that arise from almost any level of resting potential. In the course of triggered activity in fibers of the mitral valve or coronary sinus, the action potentials usually arise from a fairly low membrane potential, have slow upstrokes, and may well be slow responses.
3. Although oscillatory changes in membrane potential can arise "spontaneously" in quiescent fibers, early afterhyperpolarizations and delayed afterdepolarizations follow and are, in some way, caused by the action potential.
4. The amplitude of most delayed afterdepolarizations is enhanced by catecholamines.
5. The amplitude of delayed afterdepolarizations increases as the drive rate increases.
6. The amplitude of the delayed afterdepolarization that follows a premature impulse is greater than that following uniformly spaced impulses and appears to increase with increasing prematurity.
7. Agents that supposedly either reduce calcium influx or diminish the slow inward current (Mn u , verapamil, D-600) diminish the amplitude of delayed afterdepolarizations (A.L. Wit and P.F. Cranefield, unpublished).
8. Usually, perhaps always, an increase in the amplitude of a delayed afterdepolarization is associated with an increase, but a lesser one, in the amplitude of the early afterhyperpolarization that precedes it (A.L. Wit and P.F. Cranefield, unpublished).
9. The inward current that causes the delayed afterdepolarization presumably is small, since such afterdepolarizations can be abolished by enhanced electrogenic sodium extrusion or by increased potassium conductance; either might, however, diminish afterdepolarizations by shifting the membrane potential to a more negative level (D.C. Gadsby and P.F. Cranefield, unpublished).
10. Most, perhaps all, of the factors that change the amplitude of delayed afterdepolarizations, e.g., an increase in rate or addition of epinephrine, have a similar effect on contractility. A striking example of this is seen in the effect of a premature impulse: the delayed afterdepolarization that follows it is markedly enhanced, as is the force of the next contraction (postextrasystolic potentiation). As long ago as 1943, Bozler 38 noted that subthreshold oscillations in membrane potential themselves cause changes in "tonus" in the frog heart, the early afterhyperpolarization causing relaxation and the delayed afterdepolarization causing an increase in tension.
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VOL. 41, No. 4, OCTOBER 1977 11. The effects of rate, prematurity, epinephrine, verapamil, D-600, and Mn 2+ on contractility and on afterdepolarizations suggest, but do not prove, that changes in [Ca 2+ ]j caused by the action potential somehow lead to the events that cause the delayed afterdepolarization and, perhaps, the early afterhyperpolarization. This does not require that the inward current during the delayed afterdepolarization be a Ca 2+ current; a rise in [Ca 2+ ]i can affect many conductances and might affect or initiate electrogenie (rheogenic) ion pumps.
It is known that a transient increase in [Ca 2+ ]j can cause a transient increase in potassium conductance, 27 ' 39 which could, in turn, cause an early afterhyperpolarization. Were that increase in potassium conductance to be followed by a fall in potassium conductance below the level characteristic of diastole, an afterdepolarization would occur. On the other hand, if each action potential is followed by a persistent inward current and the afterhyperpolarization resulted from a rise in potassium conductance, a fall in that conductance only to the level characteristic of diastole could "unmask" the delayed afterdepolarization.
Weingart et al. 40 suggest that the inward current responsible for delayed afterdepolarizations in Purkinje fibers exposed to strophanthidin may result from "a phasic release of Ca 2+ from an internal store" and that such an increase in [Ca 2+ ], might change the permeability of "background" or "leak" channels to Na + or K + or to both. Whether delayed afterdepolarizations are necessarily preceded by an early afterhyperpolarization and therefore, in some sense, caused by or influenced by that afterhyperpolarization or by the events that cause it remains an unanswered question.
Afterpotentials and Arrhythmias
It is clear that triggered activity of the sort described above might cause either extrasystoles or paroxysmal tachycardia of either atrial or ventricular origin. Our recent finding of triggerable fibers in the coronary sinus shows that such activity must be taken seriously as a possible cause of atrial arrhythmias. A critically timed premature stimulus or an increase in atrial rate to a critical level may trigger fibers in the coronary sinus into rapid and sustained rhythmic activity. In the canine coronary sinus, the triggered rhythm increases in rate during the first few impulses and then becomes stable at rates ranging from 180 to 210/min. 33 The triggered focus can drive the entire atrium and may become the pacemaker for dozens or hundreds of impulses. When such a focus stops spontaneously, it may slow during the last few impulses. The activity of triggered foci in the coronary sinus can be abruptly terminated by the application of acetylcholine, a property consistent with such foci being the cause of some of those atrial tachycardias that can be interrupted by vagal maneuvers.
Fibers of the simian mitral valve can be triggered in the same way as fibers of the coronary sinus, by a single premature impulse or by an increase in drive rate to a critical level. When triggered, they fire 100-180 impulses/ min, gradually accelerating during the first few impulses and, when they become quiescent, doing so abruptly. These fibers are also sensitive to acetylcholine, which causes them to hyperpolarize and become quiescent.
Ouabain or acetylstrophanthidin causes the appearance of delayed afterdepolarizations in Purkinje fibers. 20 " 24 Those afterdepolarizations are enhanced in amplitude following premature impulses or following an increase in drive rate and may give rise to extrasystoles or to sustained rhythmic activity. I am not aware of any in vitro studies showing that a quiescent, digitalis-toxic Purkinje fiber can be triggered into activity by a single stimulus, but it seems probable that such behavior can occur. The ventricular extrasystoles seen in digitalis toxicity certainly might arise from delayed afterdepolarizations.
All delayed afterdepolarizations, apart from those seen in fibers exposed to sodium-free solutions, are enhanced in amplitude by the addition of catecholamines. The afterdepolarizations seen in fibers of the mitral valve or coronary sinus rarely attain threshold in vitro unless norepinephrine is added to the tissue bath. These facts are consistent with the well known ability of catecholamines to provoke extrasystoles.
It seems likely that all triggerable foci can be thrown into sustained rhythmic activity by a single driven impulse, and it is known that the sustained rhythmic activity of some foci can be stopped by the arrival of a premature impulse. 3 ' 30 A tachycardia that can be both initiated and terminated by a single premature stimulus has long been regarded as being, because of those properties, dependent on circus movement. Since the same properties are seen in triggerable foci, they do not form a basis for deciding whether a burst of tachycardia is caused by circus movement or by triggered activity dependent on depolarizing afterpotentials.
It is well known that the chief difficulty in attributing extrasystoles to reentry secondary to circus movement is that the potentially reentrant impulse must either travel around a very long path or must travel very slowly, since it must spend the entire refractory period in a path shielded from the rest of the heart if it is to reexcite the heart at the end of the refractory period.'• 41 In principle, according to the time spent by the reentrant impulse in its course through the circuitous pathway, an extrasystole caused by reentry might appear at any moment between the beginning of the relative refractory period and the moment when the ventricle is excited by the next sinus impulse. An impulse arising from an early afterdepolarization might excite the heart during the relative refractory period, but an impulse arising from a delayed afterdepolarization necessarily arises well after the end of the relative refractory period, i.e., in diastole. To be sure, the activation of the atrium or ventricle will not occur until the triggered impulse has traveled from its site of origin into the muscular mass, and the time needed for that to occur could be long if the focus is relatively isolated and is connected to the atrial or ventricular mass only by a slowly conducting pathway. The time at which afterpotentials arise, however, guarantees that they can find excitable tissue to invade.
Summary
Triggered activity must be added to spontaneous activity and to circus movement as a cause for extrasystoles and tachycardias of either atrial or ventricular origin. The activity of a triggerable focus requires phase 4 depolariza-AFTERPOTENTIALS AND ARRHYTHMIAS/CVane/ieM 423 tion caused by an afterpotential; this distinguishes it from the activity seen in circus movement. A triggerable focus becomes rhythmically active only if driven at a critical rate or by a critically timed premature impulse; this distinguishes it from a focus of spontaneous or automatic activity. The ease of triggering a triggerable focus increases in the presence of catecholamines; triggerable foci in the atrium become quiescent when exposed to acetylcholine. At the present time, fibers within the coronary sinus provide the most persuasive example of triggered activity as a possible cause of arrhythmias of clinical significance. It is possible that the coupled extrasystoles of digitalis toxicity may be triggered; there is every reason to believe that further examples of triggered arrhythmias of possible clinical significance will be discovered.
Addendum
After the above review was accepted for publication, the Editor of Circulation Research sent me an article which reports interesting studies of triggered activity in contractile fibers of the rabbit atrium (Saito et al. 42 ). That article reports the existence of triggered activity in fibers of the upper pectinate muscle and of the pectinate muscle along the crista terminalis. Triggering could be induced by driving at a critical rate or by appropriately timed premature stimuli; it was not necessary to add catecholamines to this preparation to obtain triggering. A gradual loss of resting potential occurred during the course of sustained rhythmic activity; after the end of a period of triggered activity, the resting potential gradually returns to control levels. This study by Saito et al. thus provides another example of undoubted triggered activity and reinforces the belief that further examples of such activity will be discovered in the future.
